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Dynamic instabilities in strongly correlated VSe, monolayers and bilayers
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With the emergence of graphene and other two-dimensional (2D) materials, transition-metal dichalcogenides
have been investigated intensely as potential 2D materials using experimental and theoretical methods. VSe; is
an especially interesting material since its bulk modification exhibits a charge-density wave (CDW), the CDW
is retained even for few-layer nanosheets, and monolayers of VSe, are predicted to be ferromagnetic. In this
work, we show that electron correlation has a profound effect on the magnetic properties and dynamic stability
of VSe, monolayers and bilayers. Including a Hubbard-U term in the density-functional-theory calculations
strongly affects the magnetocrystalline anisotropy in the 17-VSe, structure while leaving the 2H-polytype
virtually unchanged. This demonstrates the importance of electronic correlations for the electrical and magnetic
properties of 17-VSe,. The Hubbard-U term changes the dynamic stability and the presence of imaginary modes
of ferromagnetic 17-VSe, while affecting only the amplitudes in the nonmagnetic phase. The Fermi surface of
nonmagnetic 17-VSe, allows for nesting along the CDW vector, but it plays no role in ferromagnetic 17-VSe,.
Following the eigenvectors of the soft modes in nonmagnetic 17-VSe, monolayers yields a CDW structure with
a4 x 4 supercell and Peierls-type distortion in the atomic positions and electronic structure. The magnetic order
indicates the potential for spin-density-wave structures.

DOLI: 10.1103/PhysRevB.96.235147

I. INTRODUCTION

The discovery of graphene has sparked heightened interest
in studying and finding new two-dimensional (2D) materials
[1-3]. Apart from graphene, transition-metal dichalcogenides
(TMDs) have been intensely researched as potential can-
didates as 2D materials due to their layered structures.
TMDs exhibit diverse physical and chemical properties, and
reducing dimensionality may yield additional properties due to
quantum confinement [4]. Additionally, TMDs are chemically
diverse, unlike graphene, which is chemically inert. Thus,
while functionalization of graphene leads to the loss of some
of its properties, functionalizing TMDs can enhance their
properties or create new ones [5]. All these factors make 2D
TMDs particularly interesting for applications in electronic
and sensing devices, and in catalysis and energy storage. As
a result, a large amount of research has been done on 2D
TMDs using theoretical and experimental methods such as the
transition of MoS, from an indirect to a direct semiconductor
when reducing the dimensions from bulk and multilayers to
a monolayer [4-16]. Magnetic 2D materials are especially
interesting due to their potential use in spintronic devices
[17-23]. The prediction of magnetic TMD materials has
been subject to extensive theoretical investigation, such as
the systematic change in magnetic properties through strain
[18,22,24-27], hydrogenation [27,28], and chemical substi-
tution [29]. Moreover, pristine dichalcogenide monolayers of
some first-row transition metals (V, Cr, Mn, Fe) are predicted
to have magnetic order [19,20,22,24,26,30-34].

Bulk VSe, has been subject to extensive experimental
studies due to its ability to intercalate ions [35-39] and
its charge-density wave (CDW) [40-46]. Few-layer VSe,
nanosheets were successfully synthesized using liquid exfoli-
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ation [47]. These nanosheets retain the CDW and the metallic
properties of its bulk analog, but their magnetic properties
were reported to be different: the sheets are ferromagnetic at
room temperature, whereas bulk VSe, exhibits temperature-
independent paramagnetism [48-50]. Isolated monolayers of
VSe; have not been synthesized yet. However, monolayers of
VSe, can be found in misfit layer compounds and ferecrystals,
where they are sandwiched between monochalcogenides that
crystallize in a rocksalt-type structure [51-56]. While the
existence of CDWs is well documented in ferecrystals and
absent in misfit layer compounds, presumably due to structural
distortions, the magnetic properties have not been reported for
any of these compounds.

In recent years, density-functional-theory (DFT) calcula-
tions were performed on single-layer and few-layer VSe,,
where the V atoms were coordinated in a distorted octahe-
dral [Ds4, 1T-polytype, Fig. 1(a)] and a trigonal prismatic
geometry [ D3y, 2H-polytype, Fig. 1(b)] [24,30,34,57]. These
calculations predict the ground state of undistorted VSe,
layers to be the ferromagnetic 2H-polytype with a metal
to semimetal/semiconductor transition when going from the
bilayer to the monolayer [30,31,34]. The dynamic stability, an
important predictor of a charge-density wave, was not reported.
Strong electron correlation may play an important role in
monolayer VSe,. Zhuang and Hennig have shown that the
strength of electron correlation affects a variety of properties in
VS,, such as the electronic structure and the stability of the 17'-
and 2 H -polytype [32]. DFT+U calculations by Huang et al.
on 2H-VSe, monolayers have shown that electron correlation
in 2H-VSe, greatly influences the electronic structure [57].

This work presents DFT calculations to explore correlation
effects in monolayer and bilayer VSe,. It will be shown that
electron correlation has profound effects on the magnetic
properties, electronic structure, and dynamic stability of
the 17-polytype. First, the van der Waals functionals and
the Hubbard-U parameter will be benchmarked against the
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(a)
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FIG. 1. Structures of monolayer VSe, with (a) octahedrally coor-
dinated V as in 17-VSe, and (b) trigonal-prismatically coordinated
V as in the 2H-VSe, polymorph. Vanadium atoms are shown in light
yellow and selenium atoms in dark green.

in-plane lattice parameter in ferecrystals. These parameters
will be used to determine the magnetic ground state(s) of
VSe, monolayers and bilayers, and to examine the effect of
the Hubbard parameter on the electronic structure. Finally,
we will show that VSe, is not dynamically stable, and we
predict a CDW structure with a Peierls-like distortion and a
ferrimagnetic ground state.

II. COMPUTATIONAL METHODS

All DFT calculations were performed using the Vienna ab
initio simulation package (VASP) [58—60]. The interactions be-
tween the ionic core and the valence electrons were described
using the projector-augmented-wave (PAW) method using a
cutoff energy of 500 eV [61,62]. The 3 p®3d*s' and the 4524 p*
states were used as valence electrons for V and Se, respectively.
For the exchange-correlation functional, we compare results
for the local-density approximation (LDA) [63], the Perdew-
Burke-Ernzerhof (PBE) [64] generalized-gradient approxima-
tion (GGA), and the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
method with the standard exact-exchange mixing parameter of
a = 0.25 [65]. For the Hubbard-U term, Dudarev’s approach
was used to treat localized d orbitals in V, using the effective
U parameter, Uy = U — J, with U and J being the on-site
Coulomb and exchange parameters, respectively [66]. Since
the interactions between individual VSe; layers is of van der
Waals type, dispersion corrections were included for the GGA
functionals using the method of Tkatchenko and Scheffler
(TS), Grimme’s DFT-D2 method, and Dion’s method in the
vdW-DF corrected optPBE, optB86b, and optB88 functionals
[67-74]. Brillouin-zone integration was carried out using
a I'-centered k-point grid with a high k-point density of

approximately 60 k-points per A [75]. Atomic positions
and lattice parameters were fully optimized until the forces
were smaller than 0.01 eV/A and the stresses smaller than
0.05 GPa. A vacuum of 30 A was included for the monolayer
and bilayer calculations to minimize interactions between
periodic images. For total energy calculations, self-consistency
was achieved with an energy convergence of 10°eV. The
magnetic anisotropies were obtained by including spin-orbit
interactions in a non-self-consistent calculation using charge
and spin densities from calculations without spin-orbit inter-
actions. Since magnetic anisotropies can be in the sub-meV
regime, an energy convergence of 1078 eV was used for
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these calculations. Band structures were visualized and VSe,
slabs were generated using the open-source PYTHON packages
PYMATGEN in conjunction with MPINTERFACES [76,77]. Spin
densities were visualized with the program VESTA [78]. Fermi
surfaces were calculated using the Wannier interpolation as
implemented in the WANNIER90 code and visualized using
XCRYSDEN [79,80].

III. RESULTS AND DISCUSSION

A. Stability of undistorted VSe, layers with different
coordination geometries

Figure 2(a) shows the differences in formation energy, AE,
between VSe, monolayers in the octahedral (17") and trigonal
prismatic (2H) structure as a function of the Hubbard-U. AE
depends strongly on the exchange correlation functional, U,
and the van der Waals functional, similar to the findings for
VS, [32]. For all functionals, A E exhibits a maximum value at
intermediate values of U.g. For the GGA functional, PBE and
the van der Waals corrected GGA functionals vdW-optPBE,
vdW-optB88, vdW-optB86b, TS-GGA, and GGA-D2, the
maximum occurs at a lower Uy of 0.5-1.0 eV compared
to a U of 2.5 eV for the LDA functional. This is similar
to the behavior and values observed for VS, [32]. For most
functionals, the maximum value for A E agrees well with the
value for HSEO6 of 41 meV per formula unit (f.u.), except
for the DFT-D2 and the Tkatchenko-Scheffler van der Waals
functionals. For the GGA+U methods, the 2H -structure is
stable for U below about 2 eV. For the LDA+U method,
1T is stable for Uy below 0.5 eV and above 3.5 eV. These
trends are similar for the bilayer and the bulk (see Figs. S2 and
S3 in the supplemental material [81]). Isaacs and Marianetti
attributed these changes in energy for VS, to an increased
filling and ordering of the V d-orbitals in 17-VS,, and we
observe the same trends in the density-matrix elements for
VSe; [82].

The magnetization m of the 17 monolayer as a function
of U is pictured in Fig. 2(b). The magnetization of the
1T-polytype is very sensitive to Uy, and for low Ueg
also to the choice of van der Waals correction. Using the
LDA, the magnetization gradually increases until it plateaus
at 1.05up at Ugs = 3.5eV. For PBE, the magnetization
reaches a maximum of 1.15up at Usy = 2.5 eV and then
decreases to unity. While LDA4-U shows lower magnetization
compared to the HSEO6 functional, the magnetization of the
GGA+U calculations coincides with HSEO6 at U.is = 1.5 €V,
regardless of the van der Waals functional. PBE without
dispersion correction and the optPBE and optB88 functionals
already coincide with HSEQ6 at U = 1.0 eV. For 2H (Fig.
Slc), the magnetization is at unity using HSEO6 and PBE,
regardless of U, and the van der Waals functional, whereas
the LDA reaches the same value at U.is = 1.5 eV.

Since isolated monolayers of VSe, have not been synthe-
sized yet, finding a good benchmark to decide on an exchange-
correlation functional and a value for Ugs is challenging.
However, ferecrystals contain monolayers of transition-metal
dichalcogenides and can be used as an approximation.
The compounds [(MSe)+s],[VSez]i (M = Pb, Sn) have a
relatively constant a-axis lattice parameter of a = 3.42 A,
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FIG. 2. (a) Energy difference AE between 17 and 2H-VSe,
monolayers as a function of U.g, exchange correlation, and van
der Waals functional. Positive AE indicates that 2H is more
stable. (b) Magnetization m of monolayer 17-VSe, as a func-
tion of Uy, exchange correlation, and van der Waals functional.
(c) In-plane lattice parameters a of monolayer 17-VSe,. The
gray shades represent the range of experimental values found for
ferecrystals.
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TABLE 1. Lattice parameters of the relaxed bulk structure of
1T7-VSe; with U = 1.0 eV using standard PBE, vdW-DF-optPBE,
and vdW-DF-optB88 functionals.

Experiment [48-50] PBE optPBE optB88
a(A) 3.35 3.42 3.46 3.44
c(A) 6.10 6.84 6.30 6.13
c/a 1.82 2.00 1.82 1.78

regardless of m, the thickness of the MSe layer [52-56,83]. The
in-plane lattice parameter a of the isolated VSe, monolayers
calculated with different functionals is shown in Fig. 2(c).
For all functionals, the a-axis lattice parameter increases with
increasing Uesr. As the figure shows, adding a Hubbard-U is
necessary to reach the experimental in-plane lattice parameter.
LDA agrees with experiments only at U = 4.5 eV. optB86b,
DFT-D2, and the Tkatchenko-Scheffler functionals need a
moderately high U of 2.5 eV, whereas PBE, optPBE, and
optB88 only need 1 eV to agree with the experimental
lattice parameters. HSEO6 underestimates the a-axis lattice
parameters only slightly. It is clear that any functional can
reproduce these lattice parameters with a high enough value
of Ueff.

For monolayers, one would expect van der Waals forces
to be negligible, and the results should coincide well with
the PBE functional without dispersion corrections, which is
only true for optPBE and optB88. Since optPBE showed
much more stable convergence behavior and also gave a more
accurate c/a ratio for the bulk (see Table I), we decided that
optPBE with U = 1.0 eV is the most suitable functional.
We cross-checked select results with calculations using the
optB86b functional and U = 2.5 €V, which also reproduces
the experimental in-plane geometry well. The strong depen-
dence of the lattice geometry, magnetic properties, and relative
phase stability on Uy and the van der Waals functional
may indicate that more advanced methods such as dynamic
mean-field theory may be necessary to completely describe
VSCz.

It is important to note that PBE predicts bulk 17-VSe,
to be ferromagnetic even though it exhibits temperature-
independent paramagnetism in experiments, and should thus
converge to a nonmagnetic state. Using mean-field theory,
we estimated the Curie temperature of the bulk structure to
be approximately 39 and 17 K without a Hubbard-U and
with Uegr = 1.0 eV, respectively, which is significantly below
the charge-density transition temperature of 100-110 K (see
Table S1 and the corresponding text in the supplemental
material [81]) [40-46]. A ferromagnetic ground state is thus
not inconsistent with experimental evidence since undistorted
1T-VSe, is not stable in the temperature regime in which it
would be ferromagnetic.

B. Magnetic structure of 17-VSe, and 2H-VSe,

There are various configurations of magnetic order possible
for the single and bilayer 17- and 2H-polytypes of VSe,.
Figure 3 shows the spin densities for the ferromagnetic (FM)
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FIG. 3. Spin densities for VSe, layers. (a) 17-VSe, monolayer
with ferromagnetic (FM) spin structure. (b) 2 H-VSe, monolayer with
FM spin structure. (c) 17-VSe, monolayer with antiferromagnetic
(AFM) spin orientation. (d)—(g) 17-VSe, bilayer with AFM ordering
(AFM 1-AFM 4). For 2H-VSe,;, AFM 3 and AFM 4 are identical.
For AFM structures, light red and dark blue spin densities denote
opposite spin orientations. The isosurface values are set to 0.01e/a?,
where aj is the Bohr radius.

and different antiferromagnetic (AFM) configurations of VSe,
monolayers and bilayers. For the single-layer polytypes, the
striped AFM order in Fig. 3(c) is considered. Four different
AFM configurations are considered for the bilayer polytypes
and illustrated in Figs. 3(d)-3(g) for the bilayer 17 -structure.
They include configurations of parallel spins in each layer
in Fig. 3(d), striped configurations where the stripes are
oriented perpendicular in Fig. 3(e), oriented parallel in a
staggered pattern in Fig. 3(f), and in an eclipsing pattern in
Fig. 3(g). Equivalent patterns are considered for the bilayer
2 H-structure. Due to the different stacking in the 2 H -polytype,
the AFM 3 and AFM 4 configurations are identical in 2 H-VSe;
bilayers.

Table II shows the energies of the various possible types of
magnetic order in the single and bilayer 17 - and 2 H -polytypes
(Uegr = 1.0 eV). Overall, the magnetic configurations are
strongly favored, indicating the tendency of VSe, layers to
exhibit some form of magnetic order. Similar to the results
of Wasey et al. using PBE-D2 without a Hubbard-U [31],
monolayer VSe, is ferromagnetic for both polytypes. As
illustrated in Fig. 3, the spin densities around the V atom
show a;, symmetry for the 17-polytype and a; symmetry
for the 2 H-polytype (the d,» orbital). For bilayers, the energy
of the antiferromagnetic order with ferromagnetic intralayer

TABLE II. Energy differences AEy,, in meV per formula unit
with reference to the ferromagnetic order for the nonmagnetic (NM)
and antiferromagnetic (AFM) configurations using U = 1.0 eV. For
the bilayer, four and three different antiferromagnetic cells can be
created for the 17 - and 2 H -polytype, respectively.

Monolayer Bilayer

Polytype NM AFM NM AFM1 AFM2 AFM3 AFM4
1T 97 25 94 2 25 24 25
2H 157 106 148 —1 102 102 -
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(AFM 1) coupling is nearly identical to the ferromagnetic
order, whereas the structures with antiferromagnetic intralayer
coupling (AFM 2—-AFM 4) have substantially higher energies.
This suggests that there is a strong intralayer exchange
coupling and virtually no interlayer exchange coupling. The
magnetic order of VSe, multilayers could thus be ferromag-
netic or antiferromagnetic, or could show various disordered
spin structures along the ¢ axis with ferromagnetic VSe;
sheets. The AFM energies for 17-VSe, are substantially
lower than for 2H-VSe,, suggesting much weaker intralayer
exchange coupling in the 17 -structure.

C. Effect of the electron correlation strength
on the electronic structure of VSe, layers

Introducing the Hubbard-U parameter has profound effects
on the structure of 17-VSe,, whereas the 2H-polytype
remains virtually unaffected. Table III shows the structural and
magnetic parameters of the relaxed monolayers and bilayers
in their ground states. For 2H-VSe,, the lattice parameters
increase only slightly by 0.1 A when U, is increased to 1.0 eV,
and there is no change in lattice parameters when going from
the monolayer to the bilayer. The distance between the Se and
V planes also remains unchanged, and the magnetization is
approximately unity regardless of the Hubbard parameter, the
number of layers, and the magnetic structure. For V and Se, the
magnitude of the magnetization increases only slightly as well.
For 1T-VSe,, increasing U, to 1.0 eV leads to a “flattening”
of the monolayer by increasing the in-plane lattice parameter
and decreasing the distance between the Se and V planes. For
the bilayer, the same trend can be seen, but there is also a small
increase in the distance between VSe, layers.

The in-plane lattice parameters are in good agreement with
the experimental values for ferecrystals, and they are larger
than in the bulk [48-56,83]. The magnetization increases
significantly from 0.6-0.7uyp to slightly above unity. This is
mostly due to the strong increase of the magnetic moment of
the V atom, which almost doubles. Although the magnetic
moments of the Se atoms, which are oriented antiparallel
to the moments of the V atoms, increase as well, they are
much smaller in magnitude. The energy of the 17 -polytype
decreases with respect to the 2 H-polytype, but 2H is still the
ground state.

The band structures with Ugs = 1.0eV of the ferro-
magnetic monolayers and bilayers and the AFM 1 bilayer
structures are shown in Fig. 4. Ferromagnetic 17-VSe; is
a metal where the Fermi level consists of a minority-spin
holelike part centered around the I" point and a majority-spin
electronlike part centered around the M point. Going from
the monolayer to the bilayer doubles the number of bands,
and the additional bands are degenerate with the bands of
the monolayer, except for the highest occupied band near
the I point, where splitting can be observed. This splitting
brings the highest occupied band near the I" point closer to
the Fermi level compared to the monolayer, almost to the
same energy as the bands at the K point. This has been
observed in other TMDs when transitioning from monolayers
to bilayers, and it is due to the introduction of antibonding
intralayer interactions [4,8,31,84-86]. Whereas, for example,
in MoS; this phenomenon leads to a transition from a direct
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TABLE III. Comparison of the structural parameters, and magnetic moments for isolated VSe, monolayers and bilayers with and without
the Hubbard parameter U = 1.0 eV. The structural parameters include the in-plane lattice parameter a, the distance between the V and Se
planes d(V-Se), and the distance between the two VSe, layers in the bilayer d(VSe,-VSe,). The magnetic moments m are given for the unit
cell (mcen), and for the contributions from the V and Se atoms m(V) and m(Se), respectively. AE denotes the energy difference between the

1T and 2H polytype (positive when 2H is more stable).

Monolayer
Uit = 0eV Ut = 1.0eV
Polytype 1T 2H 1T 2H
a (A) 3.370 3.363 3.441 3.375
d(V-Se) (A) 1.581 1.606 1.559 1.608
Meen (UB) 0.64 1.00 1.07 1.00
m(V) (ug) 0.69 1.00 1.27 1.10
m(Se) (ug) —0.05 —0.07 —-0.13 —0.10
AE]T—ZH (meV) 39 33
Bilayer
Ueff =0eV Ueff =1.0eV

Magnetic order M AFM 1 FM AFM 1
Polytype 1T 2H 1T 2H 1T 2H 1T 2H
a (;\) 3.379 3.367 3.376 3.367 3.447 3.378 3.446 3.379
d(V-Se) (A) 1.582 1.608 1.584 1.609 1.559 1.611 1.560 1.610

1.574 1.601 1.574 1.601 1.553 1.607 1.554 1.605
d(VSe;,-VSe,) (/o\) 3.252 3.337 3.245 3.307 3.230 3.393 3.261 3.334
m/fu. (ug) 0.66 0.98 0.00 0.00 1.07 1.00 0.00 0.00
m(V) (us) 0.71 0.99 + 0.68 + 1.01 1.27 1.10 + 1.27 + 1.01
m(Se) (ug) —0.05 —0.07 + 0.05 + 0.07 —-0.13 —0.10 +0.13 +0.10
AE 7,5 /fu. (meV) 32 32 22 25

1T 2H

(a) monolayer, FM
4F

(b) monolayer, FM

E—EF (eV)

E —EF (eV)

E—EFr (eV)

M

K r

FIG. 4. Spin-polarized band structures for 17-VSe, (left) and
2H-VSe, (right) layers with Ug = 1.0 eV. (a), (b) Ferromagnetic
monolayer; (c), (d) ferromagnetic bilayer; (e), (f) bilayer with AFM
1 structure. Solid blue lines correspond to majority- and red dashed
lines to minority-spin bands.

to an indirect semiconductor, the increase in energy is not
sufficient to change the electrical properties in 17-VSe,. The
band structure of the antiferromagnetic 17-VSe, bilayer is
essentially identical to the sum of two ferromagnetic band
structures with opposite spins, providing further evidence that
the electronic coupling between individual VSe, layers is very
small. Similar behavior is observed for the band structures
of the 2H-VSe, monolayers and bilayers. The FM 2H-VSe,;
monolayer is a semiconductor with an indirect gap between
I' and M and a slightly larger direct band gap at the K point.
2 H-VSe, remains an indirect semiconductor in the FM bilayer.
The transition from semiconductor to metal reported in the
literature [31] does not occur when the Hubbard-U is included
in the description. Similar to bilayer 17-VSe,, the electronic
coupling between the layers in 2H-VSe, layers is very small.

Crystal-field theory predicts that the d orbitals in the 2H -
polytype with D3, symmetry around the V atom split into ¢’
and e” orbitals, each doubly degenerate, and one a’l orbital. For
the 17 -polytype, the V atom is coordinated in a D3, symmetry
and should split into two sets of doubly degenerate e, orbitals
and one a;, orbital. The orbital-projected band structures of the
monolayers in Fig. 5 show this splitting at the I" point for both
polytypes with the energies increasing from e’ (dy, + dy>_y2)
to e” (dy; + dy;) and a; (d,2), and from both e, orbitals (d, +
dy>_y)and (dy; +dy;)toag (d2) for 2H-VSe; and 17-VSe;,
respectively. Just as in VS, [32], the ¢’ and ¢” orbitals strongly
hybridize with the Se orbitals, whereas the a] orbital only
hybridizes to a small degree. At the Fermi level, the bands
are predominantly of @] (I" point) and ¢’ (K point) character,
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FIG. 5. Orbital resolved majority-spin (top) and minority-spin
(bottom) band structures of monolayer VSe,. (a) 2H-VSe, with
Uesr = 1.0eV; (b) 1T-VSe, with Uy = 0 eV; and (c) 17-VSe, with
Uef[ =1.0eV.

which is consistent with the shape of the spin density shown
in Fig. 3(b) (the ¢’ orbitals are masked by the “ring” of the
d,> orbital). While changes in U, have only negligible effects
on the band structure on the 2H polytype, they have strong
effects on the band structure of 17-VSe,. Figures 5(a) and 5(b)
show that these effects are mostly found at the M and the K
point for the majority-spin bands, and at the M point for the
minority-spin bands. At the M point, the majority-spin e,
band that consists of the d,, and d,>_,» orbitals is lowered
in energy and crosses the Fermi level. Near the K point, a
majority-spin band with d> and partial e, character crosses
the Fermi level for Uy = 0 eV, whereas for Ugir = 1.0 eV, the
band maximum is shifted below the Fermi level at the K point.
This changes the character of the Fermi surface from holelike
at K for Usr = 0 eV to electronlike at M for Uge = 1.0 V.
The minority-spin band structures show that at the M point,
the e, band, which is comprised of the V d,, and d, orbitals,
is raised above the Fermi energy. The same band is also raised
in energy at the I' point. Another consequence is that the
minority-spin bands that cross the Fermi level near the I" point
are of significantly less e, character, and remain predominantly
of Se p character. At the I' point, the Se p orbital is also
lowered in energy with respect to the e, and a;, orbitals.
This explains the increased magnetization of 17-VSe, with
increased Ulg.

These changes can also be observed at the Fermi surfaces
(Fig. 6). Without a Hubbard-U, there are Fermi surface pockets
around all high-symmetry points. The majority-spin bands
form almost triangular-shaped hole pockets around the K
point. The surfaces at neighboring K points are almost parallel
to each other, which may result in Fermi surface nesting. Fermi
surface nesting is often cited as a cause for charge-density
waves, but this may not necessarily be the case, as we will
discuss in Sec. III D [87,88]. The minority-spin bands form
cigar-shaped electron pockets around the M point that point
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FIG. 6. Fermi surfaces of ferromagnetic 17-VSe, monolayers for
U = 0 and 1.0 eV. Solid blue surfaces are from the majority-spin
bands and red dashed surfaces are from the minority-spin bands. The
edges of the Brillouin zone are shown by black solid lines, and the
edges of the irreducible Brillouin zone are shown by black dashed
lines.

toward the Brillouin zone center where two circular hole
pockets of the minority-spin bands can be found. Increasing
U to 1.0 eV changes the Fermi surface dramatically. The
hole pockets at the K point completely disappear, and the
cigar-shaped minority-spin electron pockets get replaced by
small oval majority-spin electron pockets that point toward
the K points. The hole pockets at the I' point increase
in size, but overall, the size of the Fermi surface pockets
decreases, reducing the intrinsic carrier concentration of the
monolayer. Fermi surface nesting is not possible anymore for
Uegr = 1.0eV.

For optB86b and Uy = 2.5 eV (see Fig. S4 in the sup-
plemental material [81]), the energy of the highest occupied
majority-spin band decreases further in energy at the K point
due to an increased population of the d,» orbital. In turn,
the minority-spin band that is just below the Fermi level at
the M point for U = 0 eV is now completely above the
Fermi energy. This decreases the size of the Fermi surface
pockets, showing that the electrical and magnetic properties
are sensitive to the value of the Hubbard-U and not just to
the structure. The sensitivity of the carrier type and carrier
concentration of the different spin channels suggests that
not only strain engineering, but also charge screening can
be used to tune the electrical and magnetic properties of
VSe, layers. The latter could be achieved by using a suitable
substrate or by incorporating VSe, into heterostructures. For
example, in the ferecrystalline alloy [(Sn;_,Bi, Se);4+s1[VSez],
the a-axis lattice parameter of the VSe, monolayer increases
systematically with increasing x, analogous to the trend
observed in Fig. 2(c) for increasing U [89].

Spin-orbit coupling (SOC) was introduced to determine
the magnetocrystalline anisotropy energy (MAE) of the VSe;
monolayers. The out-of-plane MAE is shown in Fig. 7. Here
again, correlation has a strong effect on the 17 -polytype,
whereas the 2 H-polytype is virtually unchanged. Without in-
troducing the Hubbard parameter, 17-V Se; is nearly isotropic.
For Uet = 1.0 eV, however, 17-VSe, monolayers show a
large MAE of about 1.1 meV. This is consistent with the
MAE obtained with the optB86b functional and U = 2.5 eV,
where the MAE was 1.2 meV. For 2H-VSe,, the MAE depends
only weakly on Ugg. It is much smaller than the MAE of
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FIG. 7. Angular dependence of the magnetocrystalline
anisotropy energy (MAE) with polar angle for monolayer VSe,. 0°
points along the positive z axis.

1T7-VSe, with 0.46 meV. The 1T and 2H structures both
exhibit an easy magnetization plane and belong to the family of
XY magnets. This means that a Berezinsky-Kosterlitz-Thouless
transition could be observed at a critical temperature that can
be estimated from a classical XY model as T. = 0.89Jkg 1,
where J is the exchange integral and kg is the Boltzmann
constant. The exchange integral J can be estimated from
the energy difference of the FM and AFM configuration,
AEn, = 8J [90]. T, computes to 137 K for the 2 H -polytype.
For the 1T -polytype, T, is predicted to be 35 K for optPBE
and Ugr = 1.0 eV, and 14 K for optB86b and Uy = 2.5 eV
(AEm, = 11 meV), which is below the experimentally ob-
served charge-density-wave (CDW) transition temperature
of 100-110 K (onset) [40-46,52-56]. This means that the
magnetic transformation in the 17 -structure is unlikely to
be observable as the 1T -polytype is unstable at such low
temperatures.

D. Dynamic stability of VSe, layers

VSe, exhibits a charge-density wave in bulk, nanosheets,
and ferecrystals. Density-functional perturbation theory
(DFPT) as implemented in VASP and the analysis program
PHONOPY [91] was used to calculate phonon-dispersion re-
lations for the monolayer and bilayer structures. For these
calculations, the structures were relaxed until forces on
the ions were below 0.001 /ok/s. Phonon-dispersion curves
were also calculated for the bulk 17-polytype (Fig. S5 in
the supplemental material [81]). The soft modes for the bulk
agree with the charge-density-wave supercell found in exper-
iments, confirming that our functional choice was reasonable
[45,46,92-94].
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FIG. 8. Phonon-dispersion curves for spin-polarized 17'-VSe,
(left) and 2H-VSe, (right) layers. (a), (b) Monolayer with Uy =
0 eV; (c), (d) monolayer with U = 1.0 eV; and (e), (f) bilayer with
Uegr = 1.0eV.

The phonon-dispersion curves of the ferromagnetic ground
states were calculated using a4 x 4 supercell and are displayed
in Fig. 8. For U = 0 eV, the monolayers of VSe; are dynam-
ically stable for both polytypes even though the Fermi surface
(Fig. 6) allows for nesting, showing that Fermi surface nesting
does not necessarily lead to dynamic instabilities. Increasing
U to 1.0 eV causes imaginary frequencies to appear at the M
point for the monolayer of 17-VSe,, whereas the monolayer
of 2H-VSe, remains dynamically stable. The dispersion
curves for the bilayer are similar to curves for the monolayer,
suggesting that the dynamic instabilities in the bilayer have
the same origin as in the monolayer. The soft node is at
the q point (%,0) and its symmetry-equivalent points. The
Fermi surface for U = 1.0 eV shows no parallel surfaces
along a vector that corresponds to these points, so Fermi
surface nesting cannot be the cause for these imaginary phonon
nodes. The soft mode corresponds to either a 2 x 1 or 2 x 2
supercell, which is only half of what was found experimentally
for bulk 17-VSe, [45,46,92-94]. Using optB86b and U =
2.5eV (Fig. S6a in the supplemental material [81]) yields
no imaginary phonon modes, which shows that the dynamic
stability of spin-polarized 17-VSe; is sensitive to the value of
Ui

As elaborated in the previous section, the CDW transition
temperature for 17-VSe, is above the predicted magnetic
transition temperature, so the structural instabilities may
be better described using the nonmagnetic structure. The
phonon-dispersion curves of non-spin-polarized VSe; layers
are shown in Fig. 9. The 1T polytype has a soft mode at
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1T 2H

(a) monolayer, Uer =0 eV

(b) monolayer, Ugr =0 eV

FIG. 9. Phonon-dispersion curves for nonmagnetic 17-VSe,
(left) and 2H-VSe, (right) layers. (a), (b) Monolayer with Uy =
0 eV; (c), (d) monolayer with Ue = 1.0 eV; and (e), (f) bilayer with
Uegr = 1.0eV.

(%,0) (or %M), which is consistent with a 4 x 4 supercell
as observed for bulk 17-VSe,. Additional phonon modes
with lower imaginary frequency appear at (%,é) (or %K )
and (é, %) (or %K ). The frequencies increase with increasing
U., indicating that stronger electron localization destabilizes
the lattice more. Comparison with optB86b at U = 2.5 eV

confirms this trend (Fig. S6b). The node at %K increases more
strongly in frequency with U than the node at %K , but the node

at %M remains the strongest. The positions of the soft mode
minima are not significantly affected by U.g. The 2 H -polytype
is not dynamically stable either with a minimum at (% ,0) (%M ),
suggesting that it distorts into a 3 x 3 or 3 x 1 supercell.
Adding a Hubbard-U introduces additional instabilities at the
M point, resulting in complex phonon spectra. However, since
2 H-VSe, has not been synthesized yet and since it is predicted
to have a fairly high magnetic transition temperature, it is
unknown whether it would undergo this CDW transition from
the nonmagnetic state or if it would become ferromagnetic
first, in which case it would remain undistorted.
Angle-resolved photoelectron spectroscopy (ARPES) re-
vealed that bulk 17-VSe, shows partial Fermi surfaces nesting
with a nesting vector of (%,%) [45,94]. The Fermi surface
of nonmagnetic 17-VSe, monolayers (shown in Fig. 10) is
of similar shape as the in-plane Fermi surface determined
experimentally for bulk 17-VSe,. Along with the similar
phonon spectra, this suggests that the in-plane distortions
of the CDW structure are not significantly affected by the
dimensionality of VSe,. Partial nesting can be observed inside
the cigarlike electron Fermi surface pockets. The nesting
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/;M
\

FIG. 10. Fermi surface of a non-spin-polarized 17-VSe, mono-
layer. The edges of the Brillouin zone are shown by black solid lines,
and the edges of the irreducible Brillouin zone are shown by black
dashed lines. Nesting vectors are shown in gray.

Y
i
N

vectors (gray arrows in Fig. 10) have the coordinates (}T,i ,

which is consistent with the CDW supercell found in bulk and
with the soft modes in our phonon spectra. The CDW transition
in monolayer 17-VSe; is thus consistent with a Fermi surface
nesting mechanism.

To obtain a possible CDW structure, we followed the
eigenvectors of the soft phonon mode. Using the MODULATION
tag in PHONOPY, we created distorted structures along the q
points (}‘,O) and (%,}T), and by using a superposition of the
q points (i,O) and (0,}1). The structures were then relaxed
using nonmagnetic, ferromagnetic, and antiferromagnetic spin
configurations. The most stable structure was found using
the superposition and is 82 meV/f.u. more stable than
undistorted nonmagnetic 17-VSe;. It has a complex ferri-
magnetic order with a total magnetization of approximately
2up/cell (0.12ug/V atom). The magnetic moments of the in-
dividual V atoms are all between 1.05up and 1.25ug except for
one atom that has a magnetic moment of 0.865. Interestingly,
initializing the calculations with both antiferromagnetic and
ferromagnetic order led to ferrimagnetic spin order in the final
structure.

Figure 11(a) shows the spin densities around the V atoms of
the most stable structure. The minority-spin atoms (light blue)
form a chain of edge-sharing and corner-sharing triangles. Par-
allel to this chain, the minority-spin densities form hexagons
that are bridged by a single V atom. The V atom inside the
hexagon has antiparallel spin and is the atom with the small
magnetic moment of 0.865. These structural features can also
be observed in the interatomic distances [see Fig. 11(b)]. Inside
the chains, most V-V distances are shorter than the a-axis
lattice parameter a’ of the undistorted nonmagnetic 17-VSe,
monolayer (3.37 A). The shortest distances (3.19 and 3.24 10\)
can be found in triangular clusters inside the majority-spin
chains. The chains themselves are spatially separated by at
least 3.41 A. Figure 11(c) shows how these features propagate
throughout the crystal. The modulation wavelength in each
direction is 4a’, which is consistent with scanning tunneling
microscopy (STM) measurements and the CDW vectors found
in ARPES experiments [45,46,92-94].

The in-plane distortions also lead to distorted VSeg units.
In undistorted VSe,, the nearest-neighbor V-Se distances are
all approximately 2.51 A. In the distorted structure, only the
V atom inside the hexagon has an undistorted coordination
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FIG. 11. (a) Unit cell of the most stable distorted structure of monolayer 17-VSe,. The spin densities around the V atoms are shown in light
blue and dark purple for the majority and minority spins, respectively. V atoms are dark green and Se atoms are light yellow. The isosurface
values are set to 0.01e/a3, where ay is the Bohr radius. (b) Detailed view of the chains of hexagons and triangles with V-V distances given
in angstroms. Distances of less than 3.30, 3.35, and 3.40 A are shown in blue, orange, and brown, respectively. Larger distances are shown
by black dashed lines. Se atoms are omitted for clarity. (c) Top view onto a 3 x 3 supercell of the distorted 17-VSe, monolayer. Connected
V atoms are less than 3.4 A apart. Small area triangular V clusters are highlighted blue (see the text). (d) Band structures of undistorted
nonmagnetic and distorted 17-VSe, monolayers. For the distorted structure, solid light blue lines represent majority-spin bands and dashed

purple lines represent minority-spin bands.

shell, and the spin density around it has the same shape as
the V atoms in the antiferromagnetic structures [see Fig. 3(c)].
The coordination shells around the other atoms are strongly
distorted, especially around the V atoms in the small triangles
and the hexagon corners where V-Se distances as short as 2.48
and as long as 2.56 A can be found in the same coordination
shell. These distortions change the crystal field around the V
atoms, which lifts the degeneracy of bands. Figure 11(d) shows
the band structures of nonmagnetic and distorted 17-VSe,
monolayers. Nonmagnetic 17-VSe, is metallic with large
electron pockets around the M point. The distorted structure,
on the other hand, is a half-metal with small electron pockets

near the I" point in the minority-spin channel. The majority-
spin channel shows no Fermi level crossings. This change
in the band structure is consistent with electronic transport
properties in ferecrystals and in bulk VSe, where a sharp
increase in the Hall coefficient was observed and attributed to a
reduction in carrier concentration without becoming insulating
[40,48,49,52,56,83,95]. The periodic structural distortions
along with the opening of band gaps indicate a Peierls-type
transition at low temperatures.

Comparing the magnetic properties with experimental data
is challenging. Apart from the fact that the monolayer may
have different magnetic properties than the bulk, the magnetic

235147-9



MARCO ESTERS, RICHARD G. HENNIG, AND DAVID C. JOHNSON

properties of bulk 17-VSe, in the CDW phase are not fully
resolved because stoichiometric VSe; has not been synthesized
yet. In the nonstoichiometric compounds, an increase in the
magnetic susceptibility below the CDW transition temperature
was observed, and it was discussed whether this increase
is due to interstitial V atoms [41,48,49]. Ferrimagnetism
or spin-density waves (SDWs) were never considered. The
calculated spin densities in Fig. 11(a) suggest that in the
monolayer, there is potential for a SDW. For a definitive
answer, more experimental data on the magnetic properties in
the CDW state are needed. Determining magnetic properties
in misfit-layer compounds and ferecrystals containing VSe,
monolayers and spin-polarized STM measurements on VSe;
would give crucial information on the spin structure below the
CDW transition temperature. Future computational research
should focus on SDW structures for further insights into a
potential SDW structure.

IV. CONCLUSION AND OUTLOOK

It was shown using density-functional theory including
the Hubbard-U parameter that the ground state of two-
dimensional 17- and 2H-VSe,; is ferromagnetic for mono-
layers, and that for bilayers the ferromagnetic and an antifer-
romagnetic configuration are energetically nearly degenerate
due to weak magnetic interactions between the layers. The
VSe, monolayers exhibit an easy magnetization plane and
belong to the family of XY magnets, but the transition
temperature for 17-VSe, is below the experimentally ob-
served charge-density-wave (CDW) transition temperature.
1T-VSe, displays a charge-density wave in bulk, in few-layer

PHYSICAL REVIEW B 96, 235147 (2017)

nanosheets, and in ferecrystals. The ferromagnetic monolayers
are dynamically stable with the exception of 17-VSe, for
some U values. The nonmagnetic layers are unstable with
a 4 x 4 supercell and a 3 x 3 supercell for the 17- and
2 H-polytype, respectively. Within the ab-plane, nonmagnetic
1T-VSe, monolayers show partial Fermi surface nesting
similar to the bulk compound. The dynamic instability causes
Peierls-type distortions in 17-VSe, monolayers, which can
also be observed in the electronic structure. The magnetic
structure of this distorted phase is ferrimagnetic with a very
small residual moment and indicates a potential spin-density-
wave (SDW) structure. Future research should explore SDW
structures in 4 x 41T-VSe, supercells. However, methods
beyond DFT such as dynamical mean-field theory may be
necessary to fully describe the properties of VSe,.
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